Simultaneous changes in arterial blood pressure (ABP) and Pa CO 2 have been reported, but their influence on the CBF response has not been quantified. Continuous bilateral recordings of CBF velocity (CBFV), ABP, and end-tidal CO 2 (ETCO 2 ) were obtained in 10 healthy middle-aged subjects at rest and during 60 s of repetitive, metronome-controlled (1 Hz) elbow flexion. A multivariate autoregressive-moving average model was adopted to quantify the relationship between beat-to-beat changes in ABP, breath-by-breath ET CO 2 , and the motor stimulus, represented by the metronome on-off signal (inputs), and the CBFV response to stimulation (output). All three inputs contributed to explain CBFV variance following stimulation. For the ipsi-and contralateral hemispheres, ABP explained 20.3 Ϯ 17.3% (P ϭ 0.0007) and 19.5 Ϯ 17.2% (P ϭ 0.01) of CBFV variance, respectively. Corresponding values for ET CO 2 and metronome signals were 22.0 Ϯ 24.2% (P ϭ 0.008), 24.0 Ϯ 24.1% (P ϭ 0.037), 32.7 Ϯ 22.5% (P ϭ 0.0015), and 43.2 Ϯ 25.1% (P ϭ 0.013), respectively. Synchronized population averages suggest that the initial sudden change in CBFV was largely due to ABP, while the influence of ET CO 2 was more erratic. The component due to elbow flexion showed a well-defined pattern, with rise time slower than the main CBFV change but reaching a stable plateau after 15 s of stimulation. Identifying and removing the influences of ABP and Pa CO 2 to motorinduced changes in CBF should lead to more robust estimates of neurovascular coupling and better understanding of its physiological covariates. neurovascular coupling; cerebral blood flow; cerebral autoregulation; carbon dioxide; cerebrovascular reactivity; exercise; transcranial Doppler ultrasound STUDIES OF NEUROVASCULAR COUPLING in humans usually rely on measurements of cerebral blood flow (CBF) in response to cognitive and/or sensorimotor stimulation (33). In this context, different techniques for recording CBF have their own advantages and limitations. Functional MRI has become the dominant technique due to its ability to provide regional information, reasonable temporal resolution, and wider availability compared with positron emission tomography. One limitation of most imaging techniques though is the difficulty of incorporating monitoring of peripheral hemodynamics during testing and hence assessing its potential influence on measures of neurovascular coupling. Despite its inability to provide spatial discrimination, apart from hemispherical lateralization, or anterior, middle, and posterior territories, functional transcranial Doppler (fTCD) is an accessible, noninvasive technique that can be easily integrated with other measurement procedures to provide a more comprehensive assessment of cerebral and peripheral changes induced by neural stimulation. The potential contribution of arterial blood pressure (ABP) has been largely ignored by the functional MRI literature and also by fTCD studies based on measurements averaged over time scales ranging from 10 s to several minutes. A different picture emerges, however, when beat-to-beat values of ABP are recorded concomitantly with fTCD measurements (9, 14, 23). Cognitive or sensorimotor stimulation can induce parallel changes in ABP that can influence the CBF velocity (CBFV) response either directly or through dynamic cerebral autoregulation (1, 8, 9, 23, 34) . A corollary of these studies is that assessing the contribution of ABP or, in other words, how much of the CBFV response is due to changes in ABP, is of considerable importance to derive more robust measures of neurovascular coupling. To progress in this direction, we have adopted a motor task, consisting of metronome-controlled repetitive elbow flexion with concomitant measurements of CBFV, ABP, and end-tidal CO 2 (ET CO 2 ). The latter is of importance due to the tendency of subjects to hyperventilate under stress (23), with the consequent possibility of dampening the CBFV response to stimulation.
Simultaneous changes in arterial blood pressure (ABP) and Pa CO 2 have been reported, but their influence on the CBF response has not been quantified. Continuous bilateral recordings of CBF velocity (CBFV), ABP, and end-tidal CO 2 (ETCO 2 ) were obtained in 10 healthy middle-aged subjects at rest and during 60 s of repetitive, metronome-controlled (1 Hz) elbow flexion. A multivariate autoregressive-moving average model was adopted to quantify the relationship between beat-to-beat changes in ABP, breath-by-breath ET CO 2 , and the motor stimulus, represented by the metronome on-off signal (inputs), and the CBFV response to stimulation (output). All three inputs contributed to explain CBFV variance following stimulation. For the ipsi-and contralateral hemispheres, ABP explained 20.3 Ϯ 17.3% (P ϭ 0.0007) and 19.5 Ϯ 17.2% (P ϭ 0.01) of CBFV variance, respectively. Corresponding values for ET CO 2 and metronome signals were 22.0 Ϯ 24.2% (P ϭ 0.008), 24 .0 Ϯ 24.1% (P ϭ 0.037), 32.7 Ϯ 22.5% (P ϭ 0.0015), and 43.2 Ϯ 25.1% (P ϭ 0.013), respectively. Synchronized population averages suggest that the initial sudden change in CBFV was largely due to ABP, while the influence of ET CO 2 was more erratic. The component due to elbow flexion showed a well-defined pattern, with rise time slower than the main CBFV change but reaching a stable plateau after 15 s of stimulation. Identifying and removing the influences of ABP and Pa CO 2 to motorinduced changes in CBF should lead to more robust estimates of neurovascular coupling and better understanding of its physiological covariates. neurovascular coupling; cerebral blood flow; cerebral autoregulation; carbon dioxide; cerebrovascular reactivity; exercise; transcranial Doppler ultrasound STUDIES OF NEUROVASCULAR COUPLING in humans usually rely on measurements of cerebral blood flow (CBF) in response to cognitive and/or sensorimotor stimulation (33) . In this context, different techniques for recording CBF have their own advantages and limitations. Functional MRI has become the dominant technique due to its ability to provide regional information, reasonable temporal resolution, and wider availability compared with positron emission tomography. One limitation of most imaging techniques though is the difficulty of incorporating monitoring of peripheral hemodynamics during testing and hence assessing its potential influence on measures of neurovascular coupling. Despite its inability to provide spatial discrimination, apart from hemispherical lateralization, or anterior, middle, and posterior territories, functional transcranial Doppler (fTCD) is an accessible, noninvasive technique that can be easily integrated with other measurement procedures to provide a more comprehensive assessment of cerebral and peripheral changes induced by neural stimulation. The potential contribution of arterial blood pressure (ABP) has been largely ignored by the functional MRI literature and also by fTCD studies based on measurements averaged over time scales ranging from 10 s to several minutes. A different picture emerges, however, when beat-to-beat values of ABP are recorded concomitantly with fTCD measurements (9, 14, 23) . Cognitive or sensorimotor stimulation can induce parallel changes in ABP that can influence the CBF velocity (CBFV) response either directly or through dynamic cerebral autoregulation (1, 8, 9, 23, 34) . A corollary of these studies is that assessing the contribution of ABP or, in other words, how much of the CBFV response is due to changes in ABP, is of considerable importance to derive more robust measures of neurovascular coupling. To progress in this direction, we have adopted a motor task, consisting of metronome-controlled repetitive elbow flexion with concomitant measurements of CBFV, ABP, and end-tidal CO 2 (ET CO 2 ). The latter is of importance due to the tendency of subjects to hyperventilate under stress (23) , with the consequent possibility of dampening the CBFV response to stimulation.
We tested the hypothesis that in healthy subjects ABP and Pa CO 2 contribute to the CBFV dynamic response to motor stimulation. Using multivariate modeling, we demonstrated that it is possible to derive a more robust measure of the motor response, together with the simultaneous identification of estimates of dynamic cerebral autoregulation (1, 47) and cerebrovascular CO 2 reactivity (35).
METHODS

Subjects and measurements.
Eleven right handed middle-aged volunteers (Ն45 yr old) were recruited. Right handedness was assessed with the Edinburgh inventory (27) . Exclusion criteria included any history of cardiac or cerebrovascular disease, sensorimotor conditions of the upper body, or poor insonation of temporal bone windows. The study was approved by Nottingham Research Ethical Committee 1, and written consent was obtained from all participants.
Volunteers avoided caffeine, alcohol, and nicotine for Ն12 h before attending a quiet, temperature-controlled (ϳ24°C) laboratory. ABP was recorded continuously using arterial volume clamping of the left middle finger digital artery (Finapres 2300; Ohmeda, Louisville, CO). The ECG was recorded from three limb leads, and ET CO 2 was measured continuously with an infrared capnograph (Capnopcheck Plus) using nasal prongs. CBFV was recorded in both middle cerebral arteries (MCA) using 2-MHz probes secured in place with a custommade head-frame. After subjects rested supine for Ն15 min, a baseline recording was performed with 5-min duration. This was followed by two active motor stimulation maneuvers with participants performing 60 s of repetitive flexion and extension of the right elbow, driven by a 1-Hz auditive cue from a metronome. The elbow rested on the couch and the arm excursion range was ϳ90°. An electric signal from the metronome, indicating when it was on or off was also recorded. The 60 s of elbow flexion were preceded and followed by periods of 90 s with the arm extended at rest. The servo-correcting mechanism of the Finapres was switched on (60 s) and then off before each measurement. All recordings were transferred to a PC at a sampling rate of 500 samples/s for subsequent offline analysis.
Data analysis. Continuous recordings of CBFV, ABP, ECG, and ET CO 2 were visually inspected, and narrow (Ͻ0.1s) artefacts or spikes were removed by linear interpolation. CBFV was passed through a median filter, and all signals were low-pass filtered with a zero-phase eighth order Butterworth filter with a cutoff frequency of 20 Hz. The beginning and end of each cardiac cycle was automatically detected from the ECG and mean values of CBFV and ABP, as well as pulse interval, were calculated for each beat. The end of each expiratory phase was detected in the ET CO 2 signal, linearly interpolated, and resampled with each cardiac cycle. Beat-to-beat data were interpolated with a third order polynomial and resampled at 5 Hz to produce signals with a uniform time base. With the use of the electrical output from the metronome, the stimulation signal m(t) was added to the ensemble (Fig. 1) .
As described in the APPENDIX, a multivariate autoregressive-moving average (ARMA) model was used to represent the influence of ABP, ET CO 2 , and m(t) (inputs) on CBFV (output). The order of these models, representing the number of past samples adopted for the autoregressive (AR) and moving average (MA) terms, was thoroughly considered. For the AR term, order 2 was chosen based on previous work (see APPENDIX) . For the MA terms, a dedicated sensitivity analysis was performed to guarantee robustness of coefficient values, due to the lack of information about similar models. All signals were down sampled to a time interval of 1 s to improve input whiteness, and all combinations of model orders from 1 to 20 were considered for the 3 inputs. Following the end of stimulation, CBFV can show considerable delay to return to baseline values (2, 6, 14, 17, 21, 23) . To allow for this possibility, m(t) was extended from 0 to 25 s, in steps of 1 s, and the optimal extension was determined by least squares. The minimum final prediction error (FPE) was obtained for each recording as an estimate of the optimal order, taking into account adjustment of model prediction error by the number of coefficients (see APPENDIX).
For each combination of model orders, the Student's t-value was also computed for each coefficient (see APPENDIX). The population distribution of optimal model orders was described by its median [lower, upper quartiles], and the final model orders were determined as the highest order below or equal to the upper quartile with t-values Ͼ2.326 (P Ͻ 0.01). This procedure represented a compromise between optimal model prediction error and robustness of extracted model coefficients.
CBFV responses to a step change in ABP were calculated for the baseline period from spontaneous fluctuations in ABP and CBFV using a single input ARMA model (28, 29) . Similarly, for the multivariate model, as described in the APPENDIX, CBFV step responses were derived for each of the three inputs. With the use of the ARMA coefficients, model predictions were obtained to represent the separate contribution of each input [ABP, ETCO 2 , and m(t)] to the overall CBFV response (see APPENDIX). These three separate contributions to the CBFV response were coherently averaged using the leading edge of the m(t) function ( Fig. 1) as the point of synchronism, and population means Ϯ SD curves were constructed separately for the right and left MCA signals.
Statistics. Intrarecording CBFV variability was expressed by the variance calculated from 30 s prestimulus to 30 s poststimulus, therefore corresponding to a total duration of 120 s. For the same time interval, the fraction of the variance contributed by each input was also calculated (see APPENDIX), and its significance was assessed with the nonparametric Wilcoxon paired test compared with a reference condition obtained by randomizing the phase of the input signal. This procedure maintains the original amplitude spectrum of the input signal but destroys its temporal pattern, thus providing a more realistic assessment of each input contribution to explain the CBFV response. Parameters extracted from the two separate stimulation maneuvers for each subject were averaged before statistical testing with n ϭ 10. A two-way repeated-measures ANOVA was performed to test for the effect of hemisphere lateralization and the different parameters used to express the CBF response to motor stimulation. Three different parameters were tested to express the CBF response: 1) the mean CBFV during the first 10 s of stimulation (V10); 2) the mean CBFV during the last 30 s of stimulation (V30); and 3) the mean of the predicted contribution of m(t) to the CBFV response ( Fig. 3 ) during the last 30 s during stimulation (m30). Tukey's honest significant difference test was adopted for post hoc analyses. Unless stated otherwise, P Ͻ 0.05 was taken to indicate statistical significance.
RESULTS
One subject was removed from the study due to the difficulty of obtaining good quality CBFV recordings in the left MCA. The 10 remaining participants (9 male) had means Ϯ SD age 62.7 Ϯ 7.8 years, systolic/diastolic ABP 132.4 Ϯ 13.4/79.0 Ϯ 6.7 mmHg, and heart rate 71.3 Ϯ 10.6 beats/min. For baseline recordings, CBFV was 50.1 Ϯ 6.9 and 50.8 Ϯ 7.8 cm/s for the right and left MCA, respectively. ET CO 2 was 39.3 Ϯ 3.6 mmHg. All subjects were right handed as confirmed by the Edinburgh Inventory (range: 76 to 100%).
Sensitivity analysis. The study of model orders for the MA components of the ARMA model (see APPENDIX) did not show a strong effect of model order on the contribution of each input variable to explain CBFV variance during motor stimulation ( Fig. 2A ). The highest model order for the ABP component with all coefficients showing a mean t-value above the P Ͻ 0.01 threshold was 4 as indicated by the arrow in Fig. 2B . The corresponding order for the ET CO 2 and motor stimulus inputs was 1 in both cases (Fig. 2, C and D) . Consequently, all further analyses were performed with an ARMA model of order [2, 4, 1, 1] . The corresponding optimal extension of the stimulus box-shaped signal ( Fig. 1 ) was 8.8 Ϯ 8.9 s.
Input contributions. All three inputs contributed to explain the changes in CBFV during motor stimulation in both ipsiand contralateral hemispheres ( Table 1 ). The statistical significance of the ABP contribution was even stronger than the one from the motor stimulus signal, and the same was observed for the influence of ET CO 2 in the ipsilateral side. The time course of the contribution of each input variable is shown in Fig. 3A for a representative subject and in Figs. 3 , B and C, for the population averages. These curves suggest that the initial peak in the CBFV response is largely due to a rapid rise in ABP.
Near the end of stimulation, a drop in ABP also seems to induce a transient dip in CBFV. In Fig. 3A , a peak in ET CO 2 ϳ30 s after the beginning of stimulation could be the reason for a corresponding peak in CBFV. A similar pattern was not observed in the population averages, possibly due to lack of Values are means Ϯ SD. CBFV, cerebral blood flow velocity; R, CBFV right middle cerebral artery; L, CBFV left middle cerebral artery; ABP, arterial blood pressure; ETCO 2 , end-tidal CO2. *Variance contribution when specific input is phase randomized (see MATERIALS AND METHODS). †Wilcoxon paired test comparing the variance contribution of the intact input signal with the phase randomized version. coherent changes in ET CO 2 during stimulation. On the other hand, the contribution of the motor stimulus had a well-defined pattern in most subjects, showing a relatively stable plateau after the first 15 s of elbow flexion.
The analysis of parameters V 10 , V 30 , and m 30 showed a significant effect of hemisphere lateralization (P ϭ 0.034 by ANOVA) but no effect of parameter type. Nonetheless, there was significant interaction between the two effects (P ϭ 0.0014) showing that both V 30 and m 30 were significantly larger in the contralateral side, compared with the ipsilateral side ( Table 2 ), but V 10 was not. V 30 and m 30 were significantly correlated in the contralateral side (r ϭ 0.63) but not in the ipsilateral hemisphere (r ϭ 0.42).
Step responses. CBFV step responses to the ABP input extracted during motor stimulation (Fig. 4B) were similar to corresponding responses obtained from baseline data, based on spontaneous fluctuations in ABP and CBFV (Fig. 4A) . Corresponding step responses for the ET CO 2 and motor stimulus inputs showed similar patterns, rising gradually to reach a plateau within ϳ15 s.
DISCUSSION
Main findings of the study. In addition to strengthening the evidence that circulatory peripheral changes can influence measures of neurovascular coupling following sensorimotor maneuvers (9, 14, 23) , our study has introduced a new approach for assessment of the contribution of key influences such as ABP and Pa CO 2 . Of considerable physiological and clinical interest is the demonstration that the CBFV step responses for each of these inputs can also be extracted thus providing measures of dynamic cerebral autoregulation and CO 2 cerebrovascular reactivity, without the need for additional tests. Finally, the ability to obtain a separate measure of the dynamic neurovascular response function, as the CBFV response to the m(t) input, is also of considerable interest.
Previous studies have pointed out that the CBFV response to cognitive or sensorimotor paradigms (8, 9, 23) or induced by rowing (34) could be largely influenced by concomitant changes in beat-to-beat ABP. However, we are not aware of previous attempts to model the dynamic influences of beat-tobeat ABP and breath-by-breath Pa CO 2 changes on measures of neurovascular coupling in humans. The population averages in Fig. 3 , B and C, suggest that the fast rise and overshoot at the beginning of the raw CBFV response could be due to the contribution of ABP. This conclusion would be in excellent agreement with the results of Pott et al. (34) in the population averages in Fig. 3 . The main explanation for this finding is intersubject variability of the Pa CO 2 changes due to motor stimulation, which can be relatively large (e.g., Fig.  3A ) but end up being attenuated in the population averages by lack of time-locking to the beginning of stimulation. Our analysis yielded a CBFV response to stimulation [m(t) input; Fig. 3 ] and a corresponding CBFV step response (Fig.  4C) , which have the potential to provide more robust estimates of the neurovascular response without the influences of ABP and Pa CO 2 . Although higher MA orders could lead to more complex response curves, the population averages remained approximately the same when higher orders were tested as part of the sensitivity analysis performed (Fig. 2) .
Assessment of neurovascular coupling in humans. The literature shows considerable diversity of indexes and parameters to gauge the neurovascular response to different stimulation paradigms. The most common choices involved the peak value of the CBFV response (2, 7, 12, 18, 45, 46) or the mean of the complete response (44) . Coincidently, several studies performed averages during a 30-s period, but these were either at the beginning of stimulation (17) or over a 2-min period, without clear synchronization with the CBFV response (15, 43) . Noteworthy, for measurements in the posterior cerebral artery, Rosengarten et al. (37, 39, 40) have used a second-order model to fit the CBFV response to on-off reading, with good results in terms of reproducibility and sensitivity to some pathological conditions. Their model did not take into account the influences of covariates, such as ABP and Pa CO 2 . Although it is possible that the contribution of ABP was much smaller during reading, compared with motor stimulation, it would be of interest to investigate to what extent the overshoot present in their model predictions at the beginning of stimulation could be due to the influence of ABP.
Our results discourage the use of the peak value of the CBFV response as a single parameter to express neurovascular coupling. First, the initial phase of the CBFV response seems to be highly influenced by ABP (Fig. 3) . Second, V 10 was not sensitive to hemispherical lateralization and was significantly different from m 30 and V 30 in the contralateral hemisphere. With the use of the CBFV response to the m(t) input (Fig. 4C) , it is possible to estimate the individual response curves in Fig.  3 , free from the influences of ABP and Pa CO 2 . The temporal pattern of the m(t)-CBFV response (Fig. 3) showed a fairly stable plateau during the last 30 s of stimulation, which led us to compare its average value (m 30 ) with the corresponding average of the raw CBFV change signal (V 30 ). Our expectation that V 30 could work as a simple proxy for m 30 was not fully substantiated. Both were sensitive to hemispherical lateralization but only correlated in the contralateral side. It is possible to speculate that the smooth temporal pattern of the m(t)-CBFV component (Fig. 3) and its independence from the influences of ABP and Pa CO 2 would make for an ideal measure of neurovas- Physiological and clinical implications. Simultaneous estimates of the CBF dynamic autoregulatory response and CO 2 cerebrovascular reactivity have been reported. Some of these studies were based on spontaneous beat-to-beat fluctuations in ABP and breath-to-breath changes in Pa CO 2 (4, 22, 32) or in response to brief inhalation of ϳ10% CO 2 in air (10). We have not attempted to estimate the CBFV step response due to CO 2 based on spontaneous fluctuations, because of the inherently low signal-to-noise ratio of breath-by-breath measures of endtidal CO 2 at rest (32) . However, the corresponding step response obtained during elbow flexion (Fig. 3C) shows excellent temporal pattern similarity to previous estimates, including direct CBFV responses to controlled step changes in Pa CO 2 (35) . Compared with age-specific values of CO 2 reactivity obtained with 5% CO 2 breathing, the plateau value of the responses in Fig. 3C were in the lower end of the range reported by Kastrup et al. (16) but in close approximation to the values reported for estimates derived from spontaneous fluctuations in selected subjects (32) . Taken together, these results indicate that 1 min of repetitive elbow flexion does not seem to impair CO 2 reactivity. A similar conclusion applies to dynamic cerebral autoregulation as expressed by the CBFV step responses to ABP (Fig. 4, A and B) . Although the influence of elbow flexion on dynamic CA parameters has not been previously reported, several studies suggest that CA is not altered by mild to moderate levels of exercise, including subjects in the same age range as in our study (11, 26) . This finding is of interest, due to reports that dynamic CA could be temporarily impaired by neural stimulation (24, 30) . One attractive hypothesis to explain why a similar impairment was not observed in our case was the lack of a visual stimulus, which was present in both previous studies. Nevertheless, a transient drop in dynamic CA performance was also observed during metronome controlled hypocapnia (5). Therefore, it is possible that a similar phenomenon could take place during the first seconds of repetitive elbow flexion.
The temporal pattern of the predicted CBFV response to m(t), the input function that represents the duration of repetitive elbow flexion (Fig. 3) , is likely to be a better reflection of the metabolic mechanisms bringing about increased O 2 supply than the raw CBFV response curve. First of all, the main metabolites linked to the vasodilatory response, such as lactate, pyruvate and nitric oxide, cannot change concentrations with the same response time as observed in the raw CBFV pattern, and the slower time constant of the estimated response to m(t) (Fig. 3) would be more physiologically acceptable (25, 36, 41) . Second, the empirical prolongation of the stimulus function m(t), by ϳ9 s, matches previous observations (2, 6, 14, 17, 21, 23) but does not necessarily reflect the same mechanisms operating during the plateau phase of the estimated response curve in Fig. 3 . Prolongation of the CBF response, which tends to increase with the duration of the stimulus, has been broadly ascribed to replenishing of metabolites after cessation of stimulation, possibly as a consequence of anaerobic metabolism. An alternative explanation could be the lingering levels of circulating pyruvate and lactate at the end of muscle contraction, as observed after 10 min of hand grip (36) . Given the possibility that analysis of the poststimulation phase could lead to refinements in the assessment of neurovascular coupling in humans, future improvements in multivariate modeling should consider the feasibility of treating the recovery phase separately, thus identifying its own response curve, similarly to the main phase of stimulation as shown in Fig. 3 .
One particular application of repetitive elbow flexion is the assessment of neurovascular coupling in stroke patients. Previous studies (20, 21) have combined active and passive maneuvers but have not taken into account the dynamic influence of ABP, Pa CO 2 , or other potential covariates. It remains to be demonstrated that the use of multivariate modeling to remove the influences of these covariates will lead to more robust and sensitive tools for assessment of patients with stroke and other forms of encephalopathy.
Limitations of the study. Changes in MCA diameter can offset the relationship between CBF and CBFV and could introduce artifacts in the CBFV response to stimulation. However, significant changes in MCA diameter were not observed in maneuvers leading to much larger changes in ABP and Pa CO 2 than those observed in our study (13, 42) . Transcranial Doppler ultrasound does not provide information about regional changes in CBF. Following motor stimulation, larger changes in CBF take place in the sensorimotor cortex, compared with other cortical areas. The elbow flexion paradigm also involves auditory stimulation (metronome), modulation of visual attention, and involvement of the frontal cortex in control and activation. On the other hand, other brain areas can actually show reductions in CBF. Our results apply to the overall CBF changes in the territory supplied by the MCA and for this reason considerable caution should be exercised when extrapolating our conclusions to smaller areas of the brain.
The choice of orders for ARMA models can lead to distorted results and for this reason a thorough sensitivity analysis was performed, which showed relatively stable results for contributions to CBFV variance (Fig. 2) and also consistent CBFV step-response curves over a wide range of orders (results not shown). The order of the autoregressive term was not included in the sensitivity analysis to maintain consistency with several studies recommending an order equal to 2 when using CBFV as the output variable (5, 19, 28, 29, 31, 38) . One particular result of our modeling that was very robust against changes in ARMA model order was the predicted contribution of the motor stimulus [m(t)] to the overall CBFV response to elbow flexion (Fig. 3) . The use of a constant amplitude gate function (Fig. 1) involves a number of simplifying assumptions. The true neural drive demanding increased oxygen supply to the sensorimotor cortex is not known, and could have a very different shape to the gate function we adopted, for example, showing either some adaptation or a rising curve of O 2 demand, instead of a constant amplitude signal (3). However, if that was the case, one would expect that the resulting CBFV step response and predicted m(t)-CBFV component (Fig. 3) would compensate for the wrong "shape." This was not observed, and the resulting temporal pattern showed instead a stable plateau, suggesting that the hypothesized shape of the input function is unlikely to depart considerably from the true metabolic demand.
Our choice of population also has limitations when making comparisons with physiological studies based on younger subjects. The main motivation to study a middle-aged population was to facilitate translation of methods and results to clinical applications, as in the case of stroke patients who tend to be within the same age group. More work is needed into the effects of healthy aging on neurovascular coupling, including even older subjects at risk of dementia.
In summary, we have shown that it is possible to remove the influences of ABP and Pa CO 2 from the CBFV response to motor stimulation, with the potential to improve the noninvasive assessment of neurovascular coupling in humans. The additional information provided by the simultaneous extraction of the dynamic cerebral autoregulation response and a measure of CO 2 cerebrovascular reactivity make this approach particularly attractive in clinical applications. Finally, the temporal pattern of the isolated relationship between the motor stimulation input and the neurovascular response warrants further investigation compared with experimental studies to gain a better understanding of its physiological and clinical correlates. (Fig. 1) can be used to represent the duration of motor stimulation, with concomitant fluctuations in mean ABP and ET CO 2 represented by p(t) and c(t), respectively. The resulting CBFV response to stimulation, and to the ABP and ET CO 2 inputs, v(t) can then be expressed as a linear ARMA:
APPENDIX
Multivariate modeling of CBFV responses. A gate function m(t)
where n is the discrete sample number and [Nv, Np, Nc, and Nm] are the model orders for each of the AR and MA terms in Eq. 1. The a i are the AR coefficients and bj, dr, and gq are the MA coefficients.
Defining,
x 2͑ n͒ ϭ c͑n͒ (3)
x 3͑ n͒ ϭ m͑n͒ (4) allows Eq. 1 to be written more concisely as: The model coefficients c k were calculated by least squares for different combinations of model orders. Based on previous work on differential equation and ARMA modeling of CBFV, the order of the autoregressive term was chosen as Nv ϭ 2 (5, 19, 28, 29, 31, 38) . To establish the order of the moving-average terms, Np, Nc, and Nm were varied from 1 to the equivalent of 20-s duration each, and the optimal orders corresponded to the minimal value of the final prediction error FPE, given by:
where e is the prediction error power, N is the number of samples in the record, and Nt is the total number of model coefficients. One limitation of the FPE approach though, is that optimal model orders not always lead to robust estimates of the coefficients. To address this problem, the Student's t-value tk was calculated for each coefficient ck as:
with ck corresponding to the estimated coefficient value and sk its SD. In summary, only coefficients with tk Ͼ 2.326 (P Ͻ 0.01) were retained to guarantee robust estimates of coefficients a, b, d, and g. For any of the input functions, the corresponding CBFV step response S j(n) was calculated as: (8) with the duration of the response set to Nd ϭ 30 s.
Finally, Eq. 1 was used to calculate the predicted CBFV response for each input p(n), c(n), or m(n), one at a time, setting the other two inputs to zero, and the fractional contribution f j of each input j to the overall CBFV response was calculated as:
where v is the total variance of v(n) in the time interval [t1, t2] and j is the variance of the predicted velocity response due to input j, that is p(n), c(n), or m(n).
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